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ABSTRACT

1. Introduction
There is an increasing gap between the energy requirements of the industrialized world meeting of such needs from the limited sources of energy like fossil fuels. Ever increasing levels of green house pollution from the combustion of fossil fuels in turn aggravate the perils of global warming and energy crisis. New renewable energy technologies, combined with a broad suite of advances in energy-efficiency, will allow global energy needs to be met without fossil fuels and by adding only minimally to the cost of energy services (Christopher, 2008). Every effort to find an ideal substitute for this problem has led to the doors of H2, which is a promising green alternative to fossil fuels as a sustainable energy source with minimal or zero use of hydrocarbons. Present utilization of H2 is equivalent to 3% of the energy consumption, and is expected to grow significantly in the years to come (Atif et al., 2005). Biological production of H2 is one of the alternative methods where processes can be operated at ambient temperatures and pressures, and are less energy intensive and more environmental friendly (Venkata Mohan, 2009). In this direction, various biological routes of H2 production using biophotolysis, photo-fermentation and dark fermentation processes or a combination of these processes are assuming prominence in basic and applied research (Redwood and Macaskie, 2006;  Das and Veziroglu, 2001; Manish and Rangan, 2008; Show et al., 2008; Venkata Mohan et al., 2007). Among these processes, H2 production by dark fermentation is considered as a viable method on the practical front (Yang et al., 2007). 

So far H2 production by photosynthetic microorganisms was extensively studied (Hawkes et al., 2002), while H2 evolution by dark fermentation was treated with little attention (Fascetti et al., 1998). Availability of abundant amount of wastewater coupled with acidophilic anaerobic treatment resulting in H2 generation or bioelectricity generation is considered to be an ideal methodology to reduce pollution load and an effective way of tapping clean energy from renewable resources in a sustainable approach. Value addition can be done by recovering sustainable energy (H2 or bioelectricity) from wastewater thus reducing the pollution load on the environment and decreasing the dependency on the depleting fossil fuel reserves (Logan, 2004; Rabaey and Verstraete, 2005; Oh and Logan, 2005; van Ginkel et al., 2005; Kalogo et al., 2008; Venkata Mohan, 2008). 

India is one of the largest milk producers (DAH&D, 2003). Thus, some 200 million tonnes of wastewaters are generated annually from the Indian dairy industry (Poompavai, 2002). A survey of the existing effluent-treatment systems being implemented at various milk processing units in India reveals that the aerobic activated sludge treatment process, which is highly energy intensive, is the most widely used process (Ramasamy and Abbasi, 2000). This process is not only energy intensive, but also various factors, such as overloading, seasonal variations and bulking of sludge lead to uncertainty in achieving a stabilized performance. Since dairy waste streams contain high concentrations of organic matter (Ramasamy and Abbasi, 2000; Kasapgil et al., 1994; Perle et al., 1995; Hawkes et al., 2002), these effluents may cause serious problems, in terms of organic load on the local municipal sewage treatment systems (Perle et al., 1995) and introduction of products such as milk solids into waste streams also represents a loss of valuable product for the dairy facilities (Baskaran et al., 2003). Warm, strong and significantly varying COD concentrations of dairy effluents make them ideal for anaerobic treatment (Wheatley, 1990). Another area of research receiving attention from research fraternity is that of microbial fuel cells (MFC) as the energy generated is clean, renewable and readily available as electricity. Recently international support for developing these relatively new sources of energy was increased due to their benefits. One such benefit is the reduction in green house gas emissions (Chynoweth et al., 2001; Charters, 2001; Logan, 2004). As dairy wastewater has a considerable amount of biodegradable organic matter it was considered for electricity generation through MFC. MFC consists of fermentative bacteria which oxidize the biodegradable organic fraction and inturn generate electricity. This acts as an additional treatment unit employed in treatment plants for particle separation based on charge known as electrostatic precipitation of charged particles on electrodes which were ionized due to generation of current across the system during proton migration. This results in high TDS removal within the system thus improving the efficiency of the treatment system by reducing loads on further treatment processes. 

2. Scope and objectives of the research
To this end, the present research work in the thesis is devoted to investigate the green renewable energy generation capability from dairy wastewater by the application of anaerobic treatment process. The experiments designed for this purpose are selected, performed and analyzed with the ultimate goal of optimizing the renewable energy generation process with respect to reactor configuration, metabolic functions and microenvironment variation. Specifically an attempt was made to correlate the experimental data to arrive at the best possible solution for achieving the process optimization.  The research was performed with the following broad objectives
	To investigate the feasibility of using dairy wastewater for generation of green and renewable energy during anaerobic treatment.
	To optimize process parameters for effective biohydrogen production. 
	To explore the effect of various pretreatment strategies applied on anaerobic consortia on biohydrogen production process performance.
	To elicit the effect of operation mode and reactor configuration on the process performance during biohydrogen production from dairy wastewater.
	To evaluate the microbial diversity present within the H2 producing reactor and identify the microorganisms responsible for H2 production.
	To evaluate the possibility of bioelectricity generation from dairy wastewater treatment in single chambered microbial fuel cell (MFC).  

A brief summary of the research presented in the thesis is depicted below along with the important conclusions drawn.

3. Biohydrogen production from Dairy Wastewater
3.1 Pretreatment of biocatalyst 
Biocatalyst (parent anaerobic inoculum) selection and its pre-treatment plays a vital role in selecting requisite microflora for efficient H2 production. Inoculum preparation affects both start up and the overall efficiency of H2 production. The microbial conversion of substrate by anaerobic fermentation is a complex series of biochemical reactions manifested by a diverse group of selective bacteria. Typical anaerobic mixed cultures cannot produce H2 as it is rapidly consumed by H2-consuming or CH4-producing bacteria (MB). The most effective way to enhance H2 production from anaerobic culture is to restrict or terminate methanogenesis by allowing H2 to become a metabolic end product. Physiological differences between H2-producing bacteria (AB) and H2-consuming bacteria (MB) forms the main basis for the preparation of the inoculum to start up the acidogenic H2-producing process. Spore-forming H2-producing bacteria can form spores which protect them when they are in an adverse environment (high temperature, extreme acidity and alkalinity), but methanogens have no such capability. Influence of different pretreatment methods viz., chemical, heat-shock and acid were applied on anaerobic inoculum for selectively enriching the H2 producing culture. All pretreatment methods showed positive influence on the overall H​2 production rate compared to the control experiments. Individually, chemical pretreatment procedure demonstrated higher H2 yield. Data envelope analysis (DEA) model was used in this study to evaluate the relative performance of pretreatment. 

3.2 Reactor configuration optimization
Influence of two reactor configurations viz., biofilm and suspended growth on H2 production and substrate degradation were evaluated at acidophilic condition (pH 6.0). The biofilm reactor (28.98 mmol H2/day; 1.25 Kg COD/m3 day) showed relatively efficient performance over the corresponding suspended growth configuration (20.93 mmol H2/day; 1.08 Kg COD/m3 day). Specific H2 yields of 6.96 mmol H2/g-CODL-day (19.32 mmol H2/g-CODR day) and 5.03 mmol H2/g-CODL day (16.10 mmol H2/g-CODR day) were observed during stabilized phase of operation of biofilm and suspended growth reactors respectively. Relatively, higher concentration of volatile fatty acids (VFA) production was also observed in biofilm reactor (4450±350 mg/l) compared to suspended growth operation (2365±315 mg/l). Acetate concentration was found to be predominant in both the configurations studied which might be attributed to the acid-forming metabolic pathway. 



3.3 Operation mode of reactor and  pH
pH influences the efficiency of substrate metabolism, protein synthesis, synthesis of storage material and metabolic by-product release. This is especially important when fermentative H2 production is concerned where activity of acidogenic group of bacteria is considered to be crucial. System pH also influences the efficiency of substrate metabolism. To evaluate fermentative H2 production process in association with feeding pH [acidophilic (pH 6.0) and neutral (pH 7.0)] and reactor operation mode (continuous and fed-batch), detailed experiments were performed in biofilm configured reactor operated in upflow mode with a retention time of 24 h using anaerobic mixed consortia as biocatalyst at room temperature (28±2oC). Acidophilic microenvironment was found to be effective for H2 production while substrate removal was effectively performed at neutral operation. The restricted nature of specific groups of bacteria at particular pH values helps to maintain the bioreactor in an acidogenic microenvironment. Maintaining pH in the acidic range (5.5–6.0) is ideal for effective H2 production due to repression of MB, thus indirectly promoting H2 producers within the system.

Operating mode of bioreactor is one of the important aspects which govern the overall performance of any biological system. Mode of reactor operation (fed-batch/continuous) has shown direct influence on the reactor microenvironment as well as on both H2 production and substrate degradation. About a 25% improvement in H2 production and substrate degradation efficiency was reported with batch mode operation compared to the corresponding continuous mode operation. The efficacy observed in fed-batch mode operation might be attributed to the reduced accumulation of soluble metabolic intermediates formed during acidogenic fermentation due to fill-draw mode operation. In continuous mode operation, continuous H2 yield documented might be attributed to the constant input of substrate to reactor resulting in incessant availability of substrate while fed batch system oscillates between feast and famine conditions during the cyclic operation. The resulting reduction in substrate concentration at the end of cycle period (famine) generally results in reduced metabolic activity leading to cessation of H2 production as observed in the study. Under transient conditions (fed batch mode) physiological state of microbial population gets adapted to the imposed conditions and therefore resulted in robust microflora while in continuous mode operation steady state conditions persist, resulting in comparatively less robustness of microflora and could easily be affected by the process variations.

A fed-batch mode of operation with acidic pH showed comparatively highest H2 production. Poor biomass retention/cell washout encountered during continuous mode operation can be prevented to some extent with a batch mode operation. Batch mode operation coupled with a biofilm configuration combines the operational advantages of both systems and helps to maintain stable and robust cultures suitable for treating highly variable wastewater.

3.4 Influence of substrate loading rate
To study the feasibility of H2 generation from dairy wastewater treatment by anaerobic culture, experiments were performed in suspended growth bioreactor. The bioreactor was operated at mesophilic (room) temperature (28±2oC) under acidophilic conditions (pH 6.0) with a total cycle period of 24 h consisting of FILL (15 min), REACT (23 h), SETTLE (30 min), and DECANT (15 min) phases at three different organic loading rates (OLR) of 2.4, 3.5 and 4.7 Kg COD/m3 day. The selected reactor operating conditions (acidophilic pH 6.0) were found to be optimum for effective H2 yield. H2 production increased with increase in OLR from 2.4 Kg COD/m3 day to 3.5 Kg COD/m3 day and further increase in OLR to 4.7 Kg COD/m3 day resulted in decreased H2 production.

3.5 Bio-electrochemical behaviour of fermentative H2 production process
Bio-electrochemical behavior of mixed anaerobic consortia (whole cell) during H2 production process was evaluated employing cyclic voltammetry (CV) in electrochemical cell [platinum as working electrode; Ag/AgCl as reference electrode; graphite rod as counter electrode; wastewater as electrolyte] to gain insight into the possible mechanism based on intracellular electron transfer involved in the fermentative metabolic process at diverse pH microenvironment. Electrochemical studies provided an insight into the possible mechanism of fermentative H2 production by mixed anaerobic consortia by means of direct electrochemical detection of redox signals and the potential difference across the interface. Voltammogram profiles visualized well defined redox pairs in forward and reverse scans at both pH conditions and the signals corresponded to intracellular electron carrier (NADH/NAD+). Relatively higher energy output was observed in acidophilic operation which might be attributed to the possibility of efficient proton (H+) transfer between the metabolic intermediates. 

3.6 Microbial diversity studies
The results provided insight regarding the composition and structure of the microbial community survived in long term operated bioreactor (four years) producing H2  under highly diverse operating conditions. Denaturing gradient gel electrophoresis (DGGE) was performed by the PCR amplified product of 16S rDNA at variable V3 region using universal primers (347F, 517R). The phyologenetic distribution showed significant diversity in microbial community. Major nucleotide sequences of DGGE bands were phylogenetically affiliated to Firmicutes followed by Bacteroidia, Proteobacteria and Flavobacteria. All the members of Firmicutes phylum observed in the bioreactor are related to Clostridia, which are reported as H2 producers which can survive acidogenic microenvironment. Almost all the OTUs present in the bioreactor showed acetate producing pathway.

4. Bioelectricity production from dairy wastewater using microbial fuel cell (MFC)
Bioelectricity was successfully generated from dairy wastewater treatment in single chambered (open-air cathode) microbial fuel cell (MFC) using mixed anaerobic consortia as the anodic biocatalyst. The power generation was found to increase with increase in substrate loading of dairy wastewater. Maximum open circuit voltages (OCV) of  308 mV and current generation of  1.78 mA (100 Ω) were documented at maximum loading condition (4.4 Kg COD/m3) studied. MFC also evidenced enhanced substrate degradation efficiency (COD removal, 95.49%) compared to conventional anaerobic treatment along with simultaneous removal of proteins (78.07%), carbohydrates (91.98%) and turbidity (99.02%) from dairy wastewater. Maximum volumetric power of 1.10 W/m3 was registered through dairy wastewater treatment. Process inhibition was not observed at higher substrate loading condition. Performance of MFC as power generator was characterized based on polarization behavior, cell potentials, cyclic voltammetry analysis and sustainable power estimation. Cell design point was observed at 750 Ω in concurrence to maximum power density of 6.71 mW/m2. Multiple unit operations of wastewater treatment viz., biological (anaerobic) process, electrochemical salt splitting and electrochemical oxidation might symbiotically occur in the anode chamber during MFC operation due to manifestation of substrate metabolic resulting in enhanced treatment efficiency.

5. Economic evaluation
Economic evaluation of biohydrogen and bioelectricity production processes utilizing dairy wastewater as substrate was performed. An average of 2.5 l of dairy wastewater is generated per liter of milk produced accounting to a total dairy wastewater of 250 million tonnes in India with an average COD of 1.5 million tonnes. Considering maximum conversion efficiency for the dairy wastewater towards methane, biohydrogen and bioelectricity generation,  total amount of Rs 450 crores by harnessing methane, Rs 1350 crores by harnessing biohydrogen and Rs 1102.5 crores by harnessing bioelectricity can be generated. This is significant as the investigation carried out on the production of renewable energy while treating dairy wastewater by anaerobic treatment process results in an additional benefit in the form of clean energy. Major advantages of energy from wastes are the carbon neutrality and renewability.
The experimental results obtained from this research demonstrated successful application of anaerobic treatment to generate renewable energy. Generally all the dairy industries are found to have a treatment system as a prerequisite. Treatment unit operations are energy consuming thus taking away a part of profits for the maintenance of the treatment facility. It can be concluded from the economic evaluation study that employment of this process in a conventional wastewater treatment system would provided the benefits associated with anaerobic treatment process such as low sludge production, reduced odor generation along with additional energy gain. This inturn reduces the costs for the disposal of sludge and increases the energy generated by the treatment unit which can be substituted with the energy utilized by the process from the grid. Utilization of biohydrogen or bioelectricity inturn reduces carbon emissions into the environment adding for better quality of life. Usage of these technologies preventing environmental pollution and generating green energy might attract subsidies/grants from government appreciating the green practice of the industry.





























